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a b s t r a c t
In thiswork theP3MTwas synthesizedelectrochemically on transparent conductive substratesofﬂuorine
tin oxide (FTO) using the electrolyte Et4NBF4 in acetonitrile. To dedope the material, the samples were
reduced electrochemically and chemically (in NH4OH solution). The ﬁlms were characterized by electron
paramagnetic resonance spectroscopy (EPR) and infrared spectroscopy (FTIR) and their optical properties
examined by ultraviolet–visible absorption spectroscopy (UV–vis) and photoluminescence (PL). The FTIR
spectra show the characteristic features of P3MTand, togetherwith the results of EPR, allowed to evaluateey words:
lectrochemical synthesis
hotoluminescence
oly(3-methylthiophene)
thechargecarriers and to identifybenzeneandquinones in the formationof chains. TheUV–vis absorption
spectra helped to obtain the average gap energy of P3MT and presented the –* transition band and
a bipolaron band. In the PL spectra, with variation of excitation power and temperature, studies were
performed through the ﬁt with Gaussian functions, given the strong probability of the existence of two
distinct contributions in the formation of the emission spectra. These two contributions were assigned
to the emission of mixed chains (Gaussian centered at higher energy) and emission of benzenoid chains
y) in t(Gaussian of lower energ
. Introduction
Organic semiconductors have similar physical characteristics to
norganic semiconductors, which can be used in the manufacture
f OLEDs [1–4], photovoltaic cells [5,6], lasers [7,8] and transistors
9–11]. Semiconductor polymers have advantages when compared
o inorganic semiconductors, such as: (a) greater ﬂexibility and
daptability, (b) possibility and ease to make small structural
hanges in the monomer of the polymer to modify its physical and
hemical properties, (c) simplicity manufacturing techniques and
d) low cost of production.
The energies of emission and absorption, the line shape of the
pectra and their intensities can provide important information
bout the structural properties of conjugated polymers, such as the
verage conjugation length of the polymer molecules, optical, elec-
ronic and vibrational properties, the approximate value of energy
ap, among others [12–15]. However, the nature of excitations,
elaxations and optical recombination is still not fully understood
n conjugated polymers.
The poly(3-alkylthiophene) (P3ATs) are derivatives of polythio-
hene, differingbyanalkyl groupattached to carbon3 (or4) (Fig. 1).
he P3ATs, due to the presence of alkyl group, show a signiﬁ-
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cant increase in solubility, fusibility and luminescence compared
to polythiophene, and, like the thiophene, have electrochromism,
thermochromism and solvatochromism properties. Each of these
properties varies depending on the amount of carbon atoms in the
alkyl groups. Doping can bring changes in these properties and in
the behavior of the energy gap.
Several studies suggest that the energy gap of P3ATswith differ-
ent alkyl chain lengths should be the same, since this radical is not
conjugated [16,17]. However, the energy gap of polymeric materi-
als relies heavily on the average conjugation length [18] and also
depends on the conﬁnement of carriers in these materials. Some
studies show greater P3ATs conjugation lengths with higher alkyl
chain [19], while other studies show that the alkyl chain length
inﬂuences the conﬁnement of charge carriers [17,20]. However, the
band gap obtained by the electrochemical method increases sys-
tematically with longer alkyl chains, while the ratio of conjugated
segments and non-conjugated decreases [21]. Thus, the discussion
of the inﬂuence of the alkyl radical length on the band gap is still
an issue to be discussed further.
Studies carried out with the P3OT [22,23] usually show the peak
of photoluminescence spectra centered at 1.94 eV, although a less
Open access under the Elsevier OA license. intense peak at 2.16 eV was also observed but not assigned [22].
Therézio et al. [24] propose the existence of two different recom-
bination mechanisms, getting a good ﬁt of the line shape with two
Gaussians. The Gaussians obtained had values close to the PL peaks
found previously [22,23]. In addition, the PL spectra of P3MT have
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Fig. 2. EPR spectra of oxidized, electrochemically reduced and reduced chemically
sample.
T
CFig. 1. Poly(3-methylthiophene).
arge full width at half maximum (FWHM), and are asymmetric,
aking it impossible to ﬁt with a single Gaussian and indicating
ore than one channel in the light emission.
This work made the electrochemical synthesis of the P3MT and
lectrochemical and chemical reductions of this material. By using
PR, FTIR, UV–vis absorption and PL techniques, the material was
haracterized and the dependence of the energy gap with doping,
he nature of excitations and the different emission mechanisms
ere analyzed.
. Experimental
The synthesis of P3MT samples was performed using acetoni-
rile as solvent and electrolyte solution consisting of acetoni-
rile + electrolyte +monomer (3-methylthiophene). The electrolyte
as tetraethylammonium tetraﬂuoroborate [(C2H5)4NBF4 ou
t4NBF4]. The 3-methylthiophene (C5H7S) and tetraethylammo-
ium tetraﬂuoroborate were purchased from ACROS-ORGANICS,
ith 99% or more purity and used as supplied. The acetonitrile
CH3CN) was obtained from VETEC with 99.5% purity and also used
s supplied.
For the synthesis through cyclic voltammetry, we used an elec-
rochemical cell with three electrodes. We used a potentiostat
odel MQPG-01 from Microquímica. The cell was mounted in a
0ml glass beaker with teﬂon manufactured lid especially for the
oupling of the electrodes. The working electrode was a glass sub-
tratewith a thin layer of ﬂuorine tin oxide (FTO). The substratewas
leaned by keeping it immersed in acetone for 20min in a wash-
ng ultrasound (UNIQUE USC-1800a), then also in isopropyl alcohol
or 20min on ultrasound, washed with deionized water and dried
n the air. The auxiliary electrode was a platinum plate and the
eference electrode awire of Ag/AgCl into a Luggin–Haber capillary.
The electrolyte concentration was 10−1 mol L−1 and the
onomer concentration varied with the amount of sample needed
or measures to be undertaken. For measures of EPR and FTIR,
he samples were made with concentrations of 10−1 mol L−1 of
onomer and 10 cycles between the potentials 0.5V and 2.9V.
or measures of UV–vis absorption and PL, the samples were made
able 1
haracteristic FTIR frequencies (cm−1) assigned to P3MT synthesized with Et4NBF4 in the
Oxidized Electrochemically
reduced
Chemically reduced Non-dop
Sun and
971 971 972 970(w)
1007 1007 1007 1005(w)
1084 1084 - -
1162 1164 1161 1160(s)
1202 1200 1200 1200(w)
- - - 1310(s)
1295 1300 1300 –
– – – 1380(m)
1388 1387 1388 –
1435 – 1436 1440(s)
1456 – 1455 1455(s)
1523 – 1523 1520(w)
a Peaktabs intensity: (vs.) very strong, (s) strong, (m) medium, (w) weak, (vw) very weFig. 3. Representation of the radical cation with g factor =2.003 in a P3MT chain
segment.
with concentration 10−2 mol L−1 of monomer and with 3 cycles in
the same ranges of potential.
The EPR measures were performed at room temperature
using a JEOL EPR spectrometer (JES-PE-3X), operating at X-band
(9.56GHz). The spectra were obtained under center ﬁeld at
3400Gauss, with scanning at ∼100Gauss, scan time 2min, time
constant 0.03 s, microwave power 40mW, modulation frequency
9.58GHz and using the fourth line of the MgO: Mn2+ spectrum
(g=1.981) as ﬁeld marker.
For measures of FTIR, the P3MT was dissolved in potassium
bromide (KBr), forming a solid solution with the P3MT. The solu-
tion was pressed into cylindrical pellets by a hydraulic press at
4 tonnes/cm2 for 2min. The spectra were obtained in mid-infrared
and the analyzed spectrum occupied the range 900–1550 cm−1.A ﬁber-optic spectrometer from OceanOptics model S2000 was
used for measures of UV–vis absorption. Data were obtained from
the reﬂection of a polychromatic beam of light whose source was
a tungsten halogen lamp model LS-1 in the range of 390–980nm.
range 900–1550 cm−1 compared with the results of Sun and Franck [27].
eda (0%)
Franck [27] a
Doped (25%)
Sun and Franck [27] a
Assignments
970(s) Ring 
1005(w)  (C–H) in plane
1100(s) Electrolyte
1160(vs.) Ring 
1200(s)  (C–C)
–  (C C)
1300(vs.)  of quinone ring
–  (CH3) on phase
1390(vs.)  of quinone ring
–  of benzene ring
–  of benzene ring
–  of benzene ring
ak. : bending and : stretching.
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Fig. 4. FTIR spectra of P3MT: (a) oxidized, (b) electrochemically reduced, and (c)
chemically reduced samples in the range 900–1550 cm−1.
Fig. 5. Positions of the UV–vis absorption and PL measurements on the samples.
Fig. 6. UV–vis spectra of samples at different points and different levels of doping.
a
b
c
Fig. 7. PL spectra obtained with excitation at 458nm, excitation power at 10mW
and temperature at 300K at different points on the (a) oxidized, (b) electrochemi-
cally reduced and (c) reduced chemically samples.
Photoluminescence measures (PL) with variation of power
excitationand temperaturewereperformedusingas sourceof exci-
tation an Ar+ laser, emitting in 458 A˚. The laser was cooled by water
andmechanicallymodulated by a chopper at a frequency of 200Hz.
The spot of light on the sample was approximately 121m at a
current of 19A. The emission from the sample was collected and
focused to the entrance slit of the Jarrell-Ash spectrometer (0.5m)
by convergent lens. The slit opening was approximately 400m.
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f 10mWand temperature of 300K on the oxidized samplewith deconvolution into
wo Gaussians (a) as obtained in position 1, (b) as obtained in position 2, and (c) as
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. Results and discussion
.1. EPR
All samples showed similar EPR signals with intensity variation
etween them as Fig. 2 shows. Due to the presence of a signal
orresponding to the free radical, it was concluded that the sam-
les are oxidized structures, quinones like, which carry reduced
enzene forms in their molecular constitution, forming mixed
hains. The value of the found g factor for all samples was the
ame: 2.003. This value was very close to the actual g value for
he free radical (gra = 2.0033) [25,26], indicating that polaron are
aramagnetic species detected. The value of the spin g factor onFig. 9. PL spectra obtained with excitation at 458nm and temperature of 300K
with variation of excitation power in the 5 to 25mW range of (a) oxidized, (b)
electrochemically reduced and (c) reduced chemically sample.
the sulfur core would be in the range of 2.014–2.020, which leads
us to conclude that the radicals are close to carbon atoms between
conjugated segments.
Fig. 3 shows a sketch of the P3MT radical cation as the alleged
detected in EPR spectra, forming a mixed chain (benzene and
quinone). The same EPR signal observed in samples with different
doping level (oxidized, reduced electrochemically or chemically)
indicates that these levels donot inﬂuence the identity andposition
of the charge carriers in the P3MT chains.
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ample.
.2. FTIR
Fig. 4 shows the FTIR spectra of (a) oxidized, (b) electrochem-
cally reduced and (c) chemically reduced P3MT samples in the
ange of 900–1550 cm−1, highlighting the absorption to be charac-
erized. Table 1 lists the characteristic frequencies of P3MT in the
ange 900–1550 cm−1 compared to the results of Sun and Franck
27] which also analyze the P3MT synthesized electrochemically
ith the dopant Et4NBF4.
The bands corresponding to the bending of the ring at 971 and
162 cm−1 show ﬂuctuations in value between the different states
n our samples. The band at 1084 cm−1 was attributed to the elec-
rolytebycomparing the spectraof our sampleswith theelectrolyte
pectrum. These bands are observed in the same electrolyte doped
ample obtained by Sun and Franck [27] and in our oxidized and
lectrochemically reduced samples, but does not appear in chemi-
ally reduced, as well as in non-doped obtained by Sun and Franck
27]. It indicates that the most effective dedoping was the chemical
eduction.
In the spectrumof non-doped P3MTobtained by Sun and Franck
27], the bands at 1440, 1455 and 1520 cm−1 appear intense and
lear. However in the doped sample, these bands do not appear.
he bands at 1310 and 1380 cm−1 on non-doped material move
o 1300 and 1390 cm−1 in the doped material [27] (also increas-
ng the intensity greatly), showing a change in the structure of the
aterial due to doping in samples from Sun and Franck [27]. These
vidences indicate that thebandsat1300and1390 cm−1 are associ-
tedwithquinoneschains.However, SunandFranck [27]attributed
hese bands to the C C vibration and CH3 bending, respectively. In
ig. 4, these bands appearwith great intensity andwith a small shift
f the band from 1300 cm−1 to 1295 cm−1 in the oxidized sample
Fig. 4a), from 1390 cm−1 to 1388 cm−1 in the oxidized (Fig. 4a)
nd chemically reduced sample (Fig. 4c), and to 1387 cm−1 in the
lectrochemically reduced sample (Fig. 4b). We also observed the
resence of bands corresponding to the benzene structures in our
xidized and chemically reduced samples. The difference in inten-
ity between the bands associated with quinone structures (1300
nd 1388 cm−1) and stretches of the aromatic ring (1440, 1455 and
523 cm−1) in our spectra indicates that our samples have a larger
umber of quinones than benzene structures. A well-deﬁned band
t 1440 cm−1 on non-doped Sun and Franck [27] has low inten-
ity in our spectra and appears shifted to 1436 cm−1. The band
t 1455 cm−1 in Sun et al.’s [27] non-doped material presents a
mall shift to 1456 cm−1 for the oxidized sample and the band at
520 cm−1 appears at 1523 cm−1 in the oxidized and chemically
educed samples.
The quinones structures may be associated with a higher con-
entration of dopants, since the sample shows more intense bands
orresponding to the electrolyte (electrochemically reduced sam-
le). It also has intensiﬁed bands at 1300 and 1387 cm−1. Thepower in (a) oxidized, (b) electrochemically reduced, and (c) chemically reduced
chemically reduced sample shows thesebandswith lower intensity
and lower concentration of dopants. The absorption at 1007 cm−1,
corresponding to the C–H in plane bending associated with the 
position of the ring present in all samples indicates that there was
polymer formation by coupling positions 2 and 5.
3.3. UV–vis absorption
The absorption by reﬂectance in three positions on the samples
was measured, as indicated in Fig. 5: in the center (position 1),
the outer edge of the substrate (position 2) and the inside edge of
polymer formation (position 3), in the range of 1.3–3.0 eV.
In the range analyzed, two local maxima arise: one in the region
near 1.5 eV and another, more intense, in the region close to 2.6 eV.
According to Sun and Franck [27] and Nicho et al. [28], these peaks
correspond to a bipolaron band and the –* transition, respec-
tively.
Fig. 6 shows the spectra obtained in the three different points.
The bipolaron band shifts with different doping levels. According
to Sun and Franck [27], the energy of this peak is independent of
the dopants concentration, so they should be in the same energy
position. The peak of the –* transition from the electrochemi-
cally reduced sample shows a small shift to lower energies with
respect to the oxidized sample. The same peak, in the chemically
reduced sample, moves further to lower energies with respect to
the other, suggesting a lower gap. Sun et al.’s studies [27] show that
a smaller energygaphappensdue thepresenceof smaller bipolaron
bands,which is directly related to a lower concentrationof dopants.
Synthesis with systematic control of the concentration of dopants
might show even more compelling results regarding the behavior
of the bipolaron bands.
The energy gap was obtained by taking the midpoint between
the energy value of the peak of the –* transition band and the
energy value of the minimum between this band and the bipolaron
band. The values of the energy gap, an average of the three points,
are 2.23 eV for the oxidized sample, 2.25 eV for the electrochemi-
cally reduced and 2.14 eV for the chemically reduced.
3.4. PL
Fig. 7 shows the PL spectra at three different points, obtained by
exciting the sample at 458nmat roomtemperature,with excitation
power of 10mW.
There is a variation of the peak position and intensity of PL
at different points in the same sample, which showed different
morphologies of the material. On average, the PL signal was more
intense in the sample electrochemically reduced and less intense
in the chemically reduced. All spectra show a large full width at
halfmaximum,which indicated awide variation in the conjugation
number in the molecules that make up the material [13].
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Fig. 8 shows the deconvolutions of the spectra from oxidized
ample on the three points considered. The spectra are normalized
or better comparison. We obtained a good ﬁt considering two dif-
erent recombination mechanisms adjusted by Gaussian. The ﬁrst
aussian, centered at less energy, is associated to the emission
f benzene alone chains, since they have more stable structures
nd longer polymer chains [22]. The second Gaussian, centered
t higher energy, is associated with the emission of mixed chain
ormed by quinone and benzene structures, since quinones chains
re less stable and emit at higher energies. Moreover, these struc-
ures are stabilized by the presence of the dopant ion (BF4−) and
he doping increase the energy gap associated with this structure
18,27]. The hypothesis of dual channel emission associated with
enzeneandmixed chainswas sustainedby the emergenceof these
tructures in the measurements of EPR and FTIR.
The Gaussian associated with the emissions of benzene chains
re centered at 1.83, 1.58 and 1.83 eV for the oxidized sample,
t 1.83, 1.85 and 1.83 eV for the electrochemically reduced sam-
le, and 1.81, 1.58 and 1.85 eV for the chemically reduced sample
n the three deferent positions analyzed. The Gaussian associated
ith the emissions of mixed chains are located at 2.07, 1.99 and
.09 eV for the oxidized sample at 2.07 eV for the electrochemically
educed sample, and 2.07, 1.99 and 2.07 eV for the sample chem-
cally reduced on the three positions. The energy positions of the
djustment of PL spectra vary at most 0.04 eV for the oxidized sam-
le and 0.06 eV for the chemically reduced sample among the three
oints, which may indicate different levels of doping at different
oints on the same sample in all three samples. Bin et al. [18] use
he technique of PL “in situ” to study the behavior of the emission of
3MT with different levels of doping. The authors observed a devi-
tion from the PL spectra to higher energies of 1.88 eV to 2.17 eV, as
he doping level increased. Moreover, the spectrum is less intense
nd broader with increasing doping.
Fig. 9 shows the PL spectra obtained from the center of the sam-
le (position1)withvariationof excitationpower. The spectrawere
btainedwith excitation at 458nmat roomtemperature,with exci-
ation power ranging from5 to 25mW. Thepeaks hardly ever suffer
isplacement in energy, and the signal intensity increases with the
xcitation power.
Fig. 10 shows the behavior of the integrated intensity of PL with
espect to the excitation power. The integrated intensities of the
xidized and electrochemically reduced samples exhibit a behav-
or close to linearwith the excitation power along the range. On the
ther hand, the chemically reduced sample shows signs of satura-
ion from 20mW onwards.
In inorganic semiconductors, the integrated intensity of PL
aries with the excitation power according to the relation [29]:
˛ Pk (1)
here I is the integrated intensity of PL and P is the excitation
ower. Thus, in a log I× logP graphic, k represents the inclination
f the straight line that adjusts the experimental points. Val-
es of k<1 (sublinear behavior) are associated with transitions
nvolving impurities, and values in the range 1< k<2 (superlinear
ehavior), are obtained when transitions involve excitons [29]. We
btained values of k less than 1 for the three samples, which sug-
ests that the transitions were generated by impurities (including
opants). This correlation, however, may not be very appropriate
iven the different characteristics of organic materials compared
o inorganic.
Deconvoluting the spectra, it appears that the Gaussian asso-
iated to emissions of benzene chains are focused on average
.80 eV for the oxidized sample, at 1.85 eV for the electrochemically
educed sample, and 1.82 eV for the chemically reduced sample.
heGaussian associated to the emissionofmixed chains are located
n average at 2.06 eV for the oxidized sample, at 2.08 eV for theFig. 11. PL spectra obtained with excitation at 458nm and excitation power at
10mW with temperature variation in the range of 25–300K of (a) oxidized, (b)
electrochemically reduced, and (c) reduced chemically samples.
electrochemically reduced sample, and at 2.08 eV for the chemi-
cally reduced sample. The energy positions of the Gaussian mixed
chains are very close to the major peaks in all samples. This prox-
imity indicates that the contribution of benzene chains interferes
slightly in the intensity of the signal and contributes a little to the
variation of the position of the spectrum.
Fig. 11 shows the PL spectra obtained from the sample center
(position 1) with the temperature variation of the three samples.
The samplewas positionedwith the side of the polymer on the cold
ﬁnger to allowmore efﬁcient cooling. The emission sign is obtained
after going through the FTO ﬁlm and the glass. The spectra were
obtained with excitation at 458nm, under the excitation power of
346 G.A. dos Reis et al. / Synthetic Metals 161 (2011) 340–347
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(ig. 12. Integrated intensity of PL variation, normalized spectrum with the temp
hemically reduced sample with linear adjustment of the points.
5mW, and with a temperature range of 75–300K. The position of
he peak energy varies with temperature.
Fig. 12 shows the behavior of the integrated intensity of PL nor-
alized with the temperature range of 75–300K. In the reduced
amples, the integrated intensity of PL increases in average with
he temperature, though the chemically reduced sample shows a
igher variation in this parameter compared to theother. In theoxi-
ized sample, the integrated intensity of PL on average decreases
ith temperature.
Fig. 13 shows the variation of the peak position in energy, thentegrated intensity and FWHM of the Gaussian ﬁt and the main
eaks as a function of temperature. The Gaussian associated to
missions of benzene chains are located on average at 1.65 eV for
he oxidized sample at 1.77 eV for the electrochemically reduced
ig. 13. Peak position in energy, integrated intensity of PL and integrated FWHM variatio
b) electrochemically reduced sample, and (c) chemically reduced sample. Main peak (ope variation in (a) oxidized sample, (b) electrochemically reduced sample, and (c)
sample, and at 1.77 eV for the chemically reduced sample. These
energy positions range and, on average, appear to increase with
the temperature in the oxidized sample, remaining constant in the
other. The Gaussian associated to emissions of mixed chains are
located, onaverage, at 2.01 eV for theoxidized sample, at 2.04 eV for
the electrochemically reduced sample, and at 2.05 eV for the chem-
ically reduced sample. Their positions are practically constant with
temperature variation. The position in energy of Gaussian associ-
ated to mixed chains is very close to the main peaks in the three
samples, indicating that benzene chains have little contribution in
the emission.
The FWHM of the Gaussian associated to emission of benzene
chains ﬂuctuate with the temperature increase in the oxidized
sample and the chemically reduced sample, which may indicate
n of the Gaussian ﬁt and the main peak ﬁt with temperature: (a) oxidized sample,
en triangle), ﬁrst gaussian (full circle) and second gaussian (full square).
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hanges in the conjugation lengths of benzene exclusive chains
ith temperature. These oscillations, however, may also occur due
o adjustment factors. Twists in the molecules can cause breakage
f the conjugation length, conﬁning more the charge carriers and
ncreasing the quantum efﬁciency and emission intensity [14]. The
tability of the peaks intensity leads us to conclude that there are
ot twists in the mixed molecules with the temperature. This sta-
ility of the chains may occur due to samples being stored at room
emperature for some time before the measures used in this work
re performed.
. Conclusions
EPR measurements showed that all measured samples have
igns of free radicals. The found value of the g factor (2.003) is
ery close to the value of g for the effective free radical, indicat-
ng the identity of the paramagnetic species detected as polarons,
hich shows quinones in the structure of the samples, forming
ixed chains (benzene and quinone). Analysis of the EPR signal
n samples with different doping levels shows that doping does
ot inﬂuence the identity and position of the charge carriers in the
3MT chains.
FTIR measures show that the chemical reduction was a more
fﬁcient dedoping process than the electrochemical reduction, and
hat the samples had a higher number of quinone formations than
enzene.
Measures of UV–vis absorption allow to observe the –* tran-
ition band and one bipolaron band. The bipolaron band shows
ariation of the position in energy with doping. The average energy
ap of the samples was obtained from these spectra, showing a
maller gap for the chemically reduced sample than that for the
xidized sample, which, in turn, is smaller than the gap of the elec-
rochemically reduced sample. According to our understanding,
his is the ﬁrst time that this behavior is observed.
PL measurements at different points indicate that there are dif-
erent morphologies and doping levels in the same sample. The
ariation in emission intensity as a function of excitation power of
heoxidizedandelectrochemically reduced samplebehaves almost
inear and the chemically reduced sample shows signs of saturation
rom 20mW onwards. Based on inorganic semiconductors, there is
vidence that the observed transitions are generated by impurities;
owever, the comparison with inorganic materials may be inade-
uate. Themeasureswith temperature changes show that there are
ot twists in the mixed molecules with the temperature, indicating
hat the molecular structure of P3MT is very stable in the temper-
ture working range (75–300K). Considering the results of the EPR
nd FTIR measurements, and based on works carried out with the
[
[
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P3OT [24], we consider two different recombination mechanisms
in thePL emission,which ledus to a goodﬁt of the spectra using two
Gaussian associated to the emissions of mixed and benzene alone
chains. This adjustment, consideringmixed formationsarising from
doping, allows an interpretation of the nature of the recombination
P3MT not previously considered in other works.
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